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Although ferrimagnetic material appears suitable as a basis of magnetic ﬁeld perception in
animals, it is not known by which mechanism magnetic particles may transduce the magnetic
ﬁeld into a nerve signal. Provided that magnetic particles have remanence or anisotropic mag-
netic susceptibility, an external magnetic ﬁeld will exert a torque and may physically twist
them. Several models of such biological magnetic-torque transducers on the basis of magne-
tite have been proposed in the literature. We analyse from ﬁrst principles the conditions under
which they are viable. Models based on biogenic single-domain magnetite prove both effective
and efﬁcient, irrespective of whether the magnetic structure is coupled to mechanosensitive
ion channels or to an indirect transduction pathway that exploits the strayﬁeld produced
by the magnetic structure at different ﬁeld orientations. On the other hand, torque-detector
models that are based on magnetic multi-domain particles in the vestibular organs turn out to
be ineffective. Also, we provide a generic classiﬁcation scheme of torque transducers in terms
of axial or polar output, within which we discuss the results from behavioural experiments
conducted under altered ﬁeld conditions or with pulsed ﬁelds. We ﬁnd that the common
assertion that a magnetoreceptor based on single-domain magnetite could not form the
basis for an inclination compass does not always hold.
Keywords: magnetic orientation; biogenic magnetite; mechanosensitive ion
channels; cytoskeleton; otolith; radical pairs
1. INTRODUCTION
In the nearly 50 years since Lowenstam (1962) reported
the presence of the ferromagnetic mineral magnetite
(Fe3O4) as a hardening agent in the radular teeth of
the Polyplacophoran molluscs (the chitons), and
suggested it might possibly be used as a magnetic
ﬁeld sensor, it has been found as a matrix-mediated bio-
logical precipitate in a plethora of living organisms,
including insects (Gould et al. 1978), vertebrates
(Walcott et al. 1979), bacteria (Frankel et al. 1979)
and even protists (Bazylinski et al. 2000). Parallel but
totally separate developments in the geophysical ﬁeld
of rock and mineral magnetism during the 1960s and
1970s gradually led to the understanding of the size,
shape and chemical properties for magnetite that
would produce the uniformly magnetized crystals
(termed ‘single-domain’ particles) that were responsible
for holding much of the stable, ancient magnetization in
rocks (Evans & McElhinny 1969; Butler & Banerjee
1975), providing the basis for determining the deep-
time history of the geomagnetic ﬁeld (the science of
palaeomagnetism). It quickly became apparent that
natural selection for size, shape, chemistry, crystallo-
graphic orientation and several other properties of
biological magnetite had converged on the same sol-
utions for producing single-domain crystals in
magnetotactic bacteria (Kirschvink & Lowenstam
1979), conﬁrming both the geophysical work and the
role of the ferromagnetic materials in their magnetic
response.
The typical bacterial geometry is to string the mem-
brane-bound crystals (termed magnetosomes) together
into linear chains (Blakemore 1975), supported from
magnetostatic collapse by intracellular cytoskeletal ﬁla-
ments (Kobayashi et al. 2006; Scheffel et al. 2006),
allowing their vector magnetic moments to sum line-
arly, increasing the cellular magnetic moment
(Frankel et al. 1979). Despite advances in rock magnetic
theory and electron microscopy, this basic observation
has stood the test of time very well over the past 30
years (Kopp & Kirschvink 2008). Clean-laboratory-
based extraction studies, aided by superconducting
magnetometry, have identiﬁed strings of single-
domain magnetite crystals similar to those in the
magnetotactic bacteria in the frontal tissues of migratory
ﬁsh, which are the most free of inorganic contamination
(Walker et al. 1984, 1988; Kirschvink et al. 1985; Mann
et al. 1988; Diebel et al.2 0 0 0 ). In contrast, the densely
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teeth were found to be too weakly and randomly
magnetized to serve as a compass (Kirschvink &
Lowenstam 1979), as are the large, detrital grains of
titanomagnetite sometimes found in the vestibular
organs of elasmobranch ﬁsh (Vilches-Troya et al.1 9 8 4 ;
Hanson et al. 1990).
It is therefore not surprising that various physiologi-
cal arrangements of single-domain biogenic magnetite
have been suggested as a basis for geomagnetic ﬁeld
sensitivity in animals (Gould et al. 1978; Kirschvink
1979, 1992; Yorke 1979; Kirschvink & Gould 1981;
Edmonds 1992, 1996; Walker et al. 2002; Binhi 2006;
Walker 2008). Fundamentally, the rotation or trans-
lation of a magnetic particle must be able somehow to
affect the electrical ﬁeld across a sensory nerve mem-
brane and thereby inﬂuence the production of action
potentials that are the common currency of all neural
activity. At least two basic approaches have been
suggested, one in which the action is caused by mag-
netic torque of the magnetosomes on other cellular
structures (like mechanosensitive transmembrane ion
channels; Kirschvink 1992), and an indirect one in
which the strong magnetic ﬁeld surrounding the magne-
tosome(s) alters magnetochemical reactions (e.g.
Kirschvink 1994; Binhi 2006) or interacts with much
smaller, superparamagnetic particles (Kirschvink &
Gould 1981; Kirschvink et al. 1993; Shcherbakov &
Winklhofer 1999). In lieu of high-resolution ultrastruc-
tural data from the magnetite-containing cells thought
to be magnetite-based magnetoreceptors, it is worth
exploring quantitatively how biological torque transdu-
cers based on biogenic magnetite might function. Our
focus is mainly on single-domain magnetite (§3), yet
for the sake of completeness we start with a more
general treatment of the physics of torque transducers.
2. PRELIMINARY CONSIDERATIONS
2.1. Types of magnetic materials eligible for a
torque detector
It is useful to ﬁrst have a look at the type of magnetic
material and domain state needed to realize a torque
transducer. In order to experience a torque in an exter-
nal magnetic ﬁeld H, the intracellular magnetic
structure must have (i) a permanent magnetic
moment m, (ii) an anisotropic magnetic susceptibility
x, or (iii) both. In the ﬁrst case, the magnetic torque
is given by
Dm ¼ m   H; ð2:1aÞ
or in scalar notation by
Dm ¼  mH sinu; ð2:1bÞ
where H and m are the magnitudes of the vectors H and
m, respectively, and u is the angle between H and m,
reckoned from H. The minus sign in equation (2.1b)
expresses the tendency of the torque to reduce the
angle u by turning m into alignment with H. The
single most important example for a structure with per-
manent magnetic moment and negligible magnetic
susceptibility is a chain of single-domain particles of
magnetite. The chain need not be a single-stranded
magnetosome chain as in magnetotactic spirilla and
vibrios, but may have two or even three coherently
polarized strands running parallel to each other, as
often seen in magnetic cocci and rod-shaped cells (e.g.
Hanzlik et al. 2002). Magnetite crystals with grain
sizes of about 50 nm have stable single-domain behav-
iour. The upper critical size depends on the aspect
ratio and shape (Newell & Merrill 1999; Witt et al.
2005) and—in the case of a chain—on the gap width
between adjacent crystals (Muxworthy & Williams
2006). Magnetite crystals smaller than about 50 nm
(cubes) to 20 nm (elongated; Winklhofer et al. 1997)
cannot act as stable single domains and show superpar-
amagnetic behaviour, unless stabilized in a linear chain,
which helps to extend the lower end of the stability
range down to 10–15 nm grain size (Newell 2009).
Superparamagnetic crystals cannot retain a stable mag-
netic moment, but when forming a collective, they have
a magnetic susceptibility much larger than a paramag-
netic system. Provided that such a collective has shape
anisotropy, it qualiﬁes for the type-II torque detector,
for which the torque is given by
Dx ¼ Vðx   HÞ H; ð2:2Þ
where x is the tensor of the apparent magnetic suscep-
tibility of the particle collective and V is its volume
(see appendix A for deﬁnitions of apparent and intrinsic
magnetic susceptibilities). Since H   H ¼ 0,w e
immediately see from equation (2.2) that x needs to
be anisotropic to produce a ﬁnite torque Dx. This can
be achieved by distributing magnetic material of given
intrinsic susceptibility over a structure that has a
length-to-width ratio different from unity, in which
case the apparent magnetic susceptibility is largest
along the long axis and smallest along the short axis.
A good example here is the dendrites in the upper-
beak skin of homing pigeons, which contain numerous
clusters of superparamagnetic particles arranged along
the axis of the dendrite (Davila et al. 2003, 2005;
Fleissner et al. 2003).
Of course, it is also possible to have a hybrid torque
detector, based on both remanent and induced magneti-
zation. Theoretically, this may apply to magnetite
particles with grain sizes of about 1 mm and larger,
which host magnetic multi-domain (MD) structures.
MD particles have been found in the saccular otolith
mass among proper calcitic otoliths of elasmobranch
ﬁsh (guitarﬁsh Rhinobatos sp., Vilches-Troya et al.
1984; dogﬁsh Squalus acanthias, Hanson et al. 1990).
The relatively high titanium content of the MD particles
implies that they are of igneous origin (exogenous) rather
than biomineralization products. In the squaliform shark,
the (titano)magnetite appears to be randomly dispersed
in the otolith mass (Hanson et al. 1990). In contrast,
the titanomagnetite in the ray is concentrated in conspic-
uous bands along the saccular membrane (Vilches-Troya
et al. 1984). Iron-rich otoliths have been detected also in
the lagenar otolith membrane of birds and teleost ﬁsh
(Harada et al. 2001), but no information was given as
to the grain-size spectrum or mineralogical composition.
All these authors discussed a possible involvement of
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Hanson et al. (1990) provided quantitative estimates,
from which they concluded that the magnetic torque in
the dogﬁsh otolithic mass is two orders of magnitude
lower than the detection threshold. Their calculation
was based on the assumption that the magnetic torque
would come from the remanent magnetic moment m of
the magnetite particles (i.e. according to equation
(2.1a)), which is relatively small for MD particles with
randomly aligned magnetic moments (Hanson et al.
1990). Besides, an MD particle has a low magnetic
moment in relation to its saturation moment anyway.
Below we estimate the torque according to equation
(2.2), given that the magnetite-loaded otolithic mass rep-
resents a structure that has an anisotropic susceptibility.
The magnetic material is assumed to be roughly homoge-
neously dispersed over the otolith mass with a volume
concentration c between 1 and 5 per cent. The magnetic
layer of the otolith mass is approximated as a general ellip-
soid with half-axes 5 mm and 2.5 mm in the surface and
0.1 mm in the depth. The low-ﬁeld susceptibility x of
isotropic MD magnetite is about 3/4p GOe
21 ( c g s )o r3
(SI) (Heider et al. 1996), so that in an Earth-strength
magnetic ﬁeld of H ¼ 40 Am
21 (SI) or H ¼ 0.5 Oe (cgs),
the induced magnetization is 120 Am
21 (SI) or
0.12 G (cgs), which is 2.5   10
24 in terms of the satur-
ation magnetization of magnetite (480 G). From the
formulae given in appendix A, the magnitude of the
in-plane force couple is obtained as approximately
10
3kT for c ¼ 1 per cent and as 2   10
4kT for c ¼ 5
per cent, where kT is the thermal energy at body temp-
erature. The out-of-plane force couple is at least an
order of magnitude larger than the in-plane couple
since the thickness of the magnetic layer was assumed
to be much smaller than its in-plane dimensions. How-
ever, since hair-cell bundles underlying the otolithic
membrane can be stimulated most efﬁciently by a
force applied parallel to the plane of the membrane, it
sufﬁces to consider only the in-plane couple, produced
by the difference in apparent susceptibility along the
short and intermediate axis. Our values of 10
3kT and
2   10
4kT for c ¼ 1 per cent and c ¼ 5 per cent, respect-
ively, appear large compared with the magnetic torque
that acts on a magnetotactic micro-organism—typically
between 5kT and 10kT in the geomagnetic ﬁeld
(Frankel & Blakemore 1980). However, one needs to
bear in mind that the otolithic membrane is a macro-
scopic structure and not a micrometre-sized object! It
turns out that our values are actually dwarfed by the
value of 10
7kT, which Hanson et al. (1990) obtained
according to equation (2.1a) on the basis of the mag-
netic remanence and from which they arrived at their
negative result. Note that although the induced mag-
netic moment in our case is approximately 10
8kT/Oe
(c ¼ 1%) and 8   10
8kT/Oe (c ¼ 5%), the in-plane
anisotropy of x is obviously not pronounced enough to
produce a large magnetic torque. These considerations
show that a magnetite-loaded otolith layer is hardly
suitable as magnetomechanical transducer, unless the
organisms were able to realign the exogeneous magnetic
particles so that their magnetic remanence vectors
added up consistently to produce a large remanent
moment. Therefore, it is much more likely that
exogenous (titano)magnetite helps in the betterment
of the sensitivity to gravity and acceleration of the
otolith organ by simply increasing the density
(Vilches-Troya et al. 1984).
It is interesting to compare these mechanosensitive
organsinthevertebrates’vestibularsensewithJohnston’s
organ in the antennae of insects, which serves similar
purposes,butuntilrecentlywasassumedtolackstatoliths
(i.e. dense minerals). Ultraﬁne-grained magnetic ore
minerals and (non-magnetic) silicates, most probably of
exogenous origin, have now been found to be associated
withJohnston’s organ inthe migratoryantPachycondyla
marginata (Oliveira et al.2 0 0 9 ). As discussed earlier, the
dense minerals may help to improve the sensitivity of
gravireception. Whether or not that organ has the
potential to act as a magnetosensitive unit depends on
the concentration and type of magnetic material. If that
is sufﬁcient to produce a magnetic torque of 10
2kT,i t
can also produce a physiologically meaningful signal
because it acts on structure of dimensions 10 mm.
2.2. ‘Polar’ and ‘axial’ response
Next, it is important to discuss the qualitative differ-
ence between the magnetic torque acting on a
permanent magnet (equation (2.1a)) and the one
acting on a structure with anisotropic magnetic suscep-
tibility (equation (2.2)). As we shall see, this difference
can explain the two different types of magnetic compass
orientation behaviour in animals. The biological com-
pass of arthropods (spiny lobster, Lohmann et al.
1995; honey bees, Kirschvink & Kobayashi-Kirschvink
1991), teleost ﬁsh (salmon, Quinn et al. 1981) and
even mammals (mole rat, Marhold et al. 1997; bats,
Wang et al. 2007) was shown to be sensitive to the
polarity of the magnetic ﬁeld. The so-called inclination
compass, ﬁrst discovered in migratory birds (Wiltschko &
Wiltschko 1972), however, is blind to the polarity of the
magnetic ﬁeld and only captures the axial orientation of
ﬁeld lines in space. The inclination compass has been
reported also in sea turtles (Light et al. 1993) and
Amphibia (newts, Phillips 1986; urodeles, Schlegel
2008). Interestingly, normal inclination compass-
based orientation in birds is absent when these are
tested under total darkness and is supplanted by a so-
called ﬁxed-direction response (Stapput et al. 2008),
which—contrary to what the name suggests—shifts
when the ambient magnetic ﬁeld is shifted. Impor-
tantly, the ‘ﬁxed-direction’ response is sensitive to
ﬁeld polarity (Stapput et al. 2008).
In order for a magnetoreceptor mechanism to be
consistent with the inclination compass, it must satisfy
the functional relations
Sð I;D þ 180 Þ¼SðþI;DÞð 2:3aÞ
and
Sð I;DÞ¼SðþI;D þ 180 Þ = SðþI;DÞ; ð2:3bÞ
where S is the ‘signal’ produced by the mechanism
under a given ﬁeld condition, I is the inclination of
the ﬁeld lines with respect to the horizontal and D is
the declination angle of magnetic north from geographi-
cal north. Condition (2.3a) expresses the axial nature of
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polarity of the ﬁeld lines. Condition (2.3b) states that
the signal produced in a magnetic ﬁeld with its vertical
component reversed is indistinguishable from the one
produced in a magnetic ﬁeld with horizontal component
reversed, but different to the one produced under
normal ﬁeld conditions.
Using trigonometric identities (see appendix B), it
can be easily shown that V(x.H)   H for a torque detec-
tor of type II satisﬁes conditions (2.3a,b). Thus, a torque
mechanism on the basis of induced magnetization
(equation (2.2)) is consistent with the inclination com-
pass, but at odds with a polarity-sensitive compass.
This was suggested for the superparamagnetic torque-
transducer model presented in Davila et al.( 2 0 0 5 ). It
should be mentioned that magnetoelastic deformation
of an assemblage of superparamagnetic particles would
also be in accord with the inclination compass
(Kirschvink & Gould 1981; Shcherbakov & Winklhofer
1999), since elastic strain is an axial property by default.
A polarity-sensitive biological compass based on mag-
netic particles requires these to have a remanence, which
acts as a bias. However, in order to transmit the bias, the
transduction mechanism has to be sensitive to the
rotational sense of the torque vector (or equivalently, to
the sign of the force couple produced by the torque
vector), in which case S ¼ m   H, which in turn is at
odds with an inclination compass (see appendix B).
However, if only the magnitude of the torque is trans-
duced, i.e. if S ¼ jm   Hj, then a remanence-based
system satisﬁes conditions (2.3a,b) and is in accord
with the inclination compass. Thus, remanence is
necessary, but not yet sufﬁcient for a polarity-sensitive
compass. While our considerations apply to the level of
transduction, we emphasize that it may also depend on
the measurement principle as to whether or not a rema-
nence-based torque detector is used for a polar or an
axial compass. For example, Edmonds (1992) has
shown that an axial compass can be realized with a
remanence-based ‘null detector’. The measurement
principle he suggests is such that the bird looks for
the position at which the remanence vector of a given
receptor cell is parallel or antiparallel to the external
ﬁeld, to make m   H ¼ 0.
The important conclusion from this section is that the
observation of an inclination compass puts no tight con-
straints on the underlying magnetoreception principle
(see table 1 for a summary). Besides, a radical-pair mech-
anism is also consistent with an axial compass, as was
ﬁrst pointed out by Schulten et al. (1978). The only can-
didate structures of a magnetoreceptor that can be ruled
out as basis of the inclination compass are the magnetite-
loaded dendrites in the upper-beak skin of birds, as was
recently demonstrated by Zapka et al.( 2 0 0 9 ) .T h e ys e v -
ered the ophthalmic branch of the trigeminal nerve to
inhibit transmission of signals from the magnetite-
loaded dendrites to the brain and found the inclination
compass to be unaffected.
2.3. Effect of a magnetic pulse
Behavioural studies on impulse-magnetized animals
have clearly shown that magnetic material is involved
in magnetic orientation behaviour (Walcott et al.
1988; Kirschvink & Kobayashi-Kirschvink 1991).
After treatment with a brief but strong magnetic
pulse, migratory birds and homing pigeons (Wiltschko
et al. 1994, 2002, 2007, 2009; Beason et al. 1997;
Munro et al. 1997a), sea turtles (Irwin & Lohmann
2005) and bats (Holland et al. 2008) showed headings
signiﬁcantly different from controls and the pulse
effect lasted at least a few days. As in §2.2, we can
now ask how a torque mechanism is affected by a
pulse. Let us assume for the sake of simplicity that mag-
netic remanence is carried by a magnetosome chain.
The polarity of a magnetosome chain will be switched
if the angle between the magnetic moment and the
pulse ﬁeld is greater than 908, but remains unaffected
if the pulse is applied at smaller angles. Independent
of the ﬁeld angle, the magnitude of the magnetic
moment is unaffected in a well-organized magnetosome
chain, in which all crystals have the same polarity
before pulsing. Thus, the only parameter that may
change upon pulsing is the polarity of the chain so
that the overall effect again depends on whether the
transduction mechanism is sensitive to the rotational
sense or just to the magnitude of the torque. If it is
only the magnitude of the torque that is transduced,
then a pulse has no effect (except during the short
exposure time). We note that the orientation behaviour
of young, inexperienced birds indeed remained unaf-
fected by a pulse (Munro et al. 1997b). Since they
solely rely on the inclination compass, one can safely
conclude that the inclination compass is not affected
by a pulse. Hence, an axial torque detector is consistent
with an inclination compass as well as with the absence
of a pulse effect in young birds. However, the absence of
a pulse effect does not make a case for an axial torque
detector because a radical-pair compass is consistent
with these observations, too. The situation in sea tur-
tles (Caretta caretta) appears different. Despite their
axial compass response under dark conditions (Light
et al. 1993), they were disoriented after multiple pulsing
in two orthogonal directions when observed under dark
conditions (Irwin & Lohmann 2005). This observation
Table 1. Expected compass responses for a torque detector
based on magnetic remanence and anisotropic susceptibility,
respectively. Realization of a polar compass requires a
remanence-based detector that transduces both magnitude
and rotational sense of the torque, m   H (equation (2.1a)).
Without transducing the sign (i.e. the rotational sense) of
the torque, a remanence-based detector produces axial
output information only. jm   Hj, magnitude of torque and
jm   Hj ¼ 0, null-detector principle according to Edmonds
(1992).
remanence, m
anisotropic
susceptibility
x
m   H jm   Hjj m   Hj ¼ 0 xH   H
polar
compass
þ 22 2
axial
compass
2 þþ þ
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group of superparamagnetic clusters, which can be dis-
rupted by a pulse (Davila et al. 2005; see also discussion
in Winklhofer 2009).
If, on the other hand, the transduction mechanism is
sensitive to polarity, then those receptor cells that have
a switched magnet will produce wrong signals, while
those that have not been affected continue to give correct
signals. Assuming that the animal does not know which
cells produce correct or spurious results, we can expect
it to recalibrate the output signals, which may well take
a few days. It would be interesting to have pulsed animals
‘regenerate’ under altered ﬁeld conditions so as to ﬁnd out
whether they recalibrate their magnetic orientation sense
to the altered ﬁeld conditions or whether they can restore
the original calibration. Either way, a polarity-sensitive
torque transducer is consistent with the presence of a
transient pulse effect, provided that the pulse does no
damage to the sensory cells, in which case also an
animal equipped with an axial torque detector would
be affected by a pulse. Since the pulse affects only experi-
enced birds, whose ‘magnetic map’ relies on non-compass
information as well, a polarity-sensitive torque transducer
is consistent with a ‘magnetic map’, too.
3. TORQUE-TRANSDUCTION PRINCIPLES
The magnetic torque produced in the receptor cell needs
to be transduced into a receptor potential and several
ideas have been proposed of how a torque mechanism
may be connected to a transduction pathway. These
may be subsumed under the two categories ‘mechano-
sensory’ and ‘orientation sensitive’. Models of the ﬁrst
category assume that the magnet is coupled to a
mechanosensory transduction pathway that transduces
the mechanical force (or stress) caused by the torque.
This principle was exploited in the earliest man-made
magnetometers, which used the twist angle of a torsion
spring (e.g. a slender quartz rod) attached to a magnet
as a direct measure of the magnetic torque. The
majority of published transducer models belong to
this category. Rather than to discuss them chronologi-
cally, it is more instructive to ﬁrst theoretically
analyse the generic behaviour of the elementary magne-
toelastic torque balance (§3.1). By way of example, we
then focus on two speciﬁc models based on mechani-
cally gated ion channels (Kirschvink 1992; see §3.3.2).
The second category of models assumes that the
intracellular magnet can rotate relatively easily so
that it can be aligned with the ambient ﬁeld. The trans-
duction of the magnetic ﬁeld is then assumed to occur
by secondary processes that depend sensitively on the
orientation of the magnet. These secondary processes
may be magnetically sensitive chemical reactions invol-
ving paramagnetic radicals, as proposed by Binhi
(2006). To achieve maximum angular sensitivity,
Binhi’s model for the compass requires that the intra-
cellular magnet be not completely free to rotate, but
be coupled to a soft elastic matrix. We will discuss
Binhi’s model in §3.3.1 after having provided a general
analysis of the magnetoelastic equations, which form
the basis of all torque-transducer models.
3.1. Generic equations
For a permanent magnet coupled to elastic material, the
magnetic torque in its simplest form can be written as
Dm ¼  mHsinðu0   cÞ; ð3:1Þ
where c is the deﬂection of m out of its resting orien-
tation, deﬁned as the orientation for which the elastic
energy is minimum (c ¼ 0), and u0 is the angle between
H and the resting orientation of m,r e c k o n e di nt h es a m e
rotationalsenseasc.Forasusceptibility-basedsysteminits
simplestform,wehaveDm ¼ 2(1/2)DxH
2Vsin 2(u0 2 c),
where Dx is the difference in apparent susceptibility
along the long and short axis, respectively. Analytical
expressions of magnetoelastic equilibrium solutions for
susceptibility-based systems have been already provided
in Shcherbakov & Winklhofer (2004), which is why we
here exclusively concentrate on torque mechanisms
based on permanent magnets.
The elastic energy of the simplest torque receptor is
of the generic form
We ¼
1
2
Kc2; ð3:2Þ
from which the restoring torque is obtained as
De ¼ 
dWe
dc
¼  Kc; ð3:3Þ
where the generic spring constant K may be the tor-
sional stiffness or the bending (ﬂexural) stiffness of
the elastic element, depending on the geometrical con-
straints imposed on it, which in turn depend on how
the elastic element is attached to the magnet at its
free end (while the other end is ﬁxed and acts as an elas-
tic pivot). As we show in §3.3.2, the elastic parameters
of the transducing elements can be easily absorbed into
K so that equation (3.3) contains all torques related to
elastic processes.
In the classical torsion magnetometer, the magnet is
constrained to rotate in the plane normal to the long
axis z of the torsion spring by attaching it to the free
end of the spring with its dipole axis perpendicular to
z. This implies that the torsion magnetometer is sensi-
tive only to the ﬁeld component perpendicular to the
long axis z, but not to the full vector. The spring con-
stant K of the torsion spring is given by 2GI/L, where
G is its shear modulus, L its length and I the second
moment of inertia of its cross section, which, for a circu-
lar cross section of radius r, is given by (p/4)r
4. If,
however, the magnet is ﬁxed at the free end of the elas-
tic element such that its dipole axis is collinear with z,
it has two degrees of rotational freedom and so is
sensitive to the full ﬁeld vector. The elastic element
responds by bending, and so its spring constant K is
given by EI/L, where E is Young’s modulus. The quan-
tity EI is commonly referred to as ﬂexural rigidity. For
cytoskeletal ﬁlaments, E is typically 2 GPa (actin,
tubulin), while the ﬂexural rigidity EI is 6   10
5 pN
nm
2 for actin (r ¼ 3.5 nm) and 2.6   10
7 pN nm
2 for
tubulin (r ¼ 10 nm; e.g. Howard 2001, pp. 31, 121).
Owing to the quadratic dependence of K on the cross-
section area and the inverse dependence on the
length, values of biological realizable spring constants
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magnetic torque detector, we require that mH be not
dwarfed by K because the deformation c will be of
the order of mH/K (for mH   K). The solution c(u0;
mH/K) can obtained from balancing the magnetic
and elastic torques, Dm ¼ De. An algebraic expression
for c(u0; mH/K) does not exist, but these expressions
provide useful approximations,
c ﬃ
mH sinu0
K
for mH ,, K; ð3:4aÞ
c ﬃ
mH sinu0
K þ mH cosu0
for mH=K  
1
2
; ð3:4bÞ
c ﬃ u0 1  
K
mH
  
formH=K . 3; ð3:4cÞ
so that a small change dH in the external ﬁeld produces
a change in deﬂection by
dc ﬃ
dH
H
c: ð3:5Þ
Although expression (3.4c) is reminiscent of the
asymptotic behaviour of the Langevin function,
L(x) ¼ coth(x) 2 1/x, with x ¼ mH/K, the Langevin
function does not represent a general solution of the
problem. For the range 1/2 , mH/K , 3, the equili-
brium deformation c has to be found numerically. So
far, we have considered the mechanical equilibrium
values of c, but when the energies involved are of the
order of 10kT or less, it is mandatory that thermodyn-
amic equilibrium values and ﬂuctuation amplitudes be
determined as well (see appendix C for technical
details). The necessity of the thermodynamic approach
was demonstrated in Shcherbakov & Winklhofer
(1999), who found that a deformation mechanism on
the basis of an individual micrometre-sized superpara-
magnetic cluster in homing pigeons (Hanzlik et al.
2000; Winklhofer et al. 2001) would work well from
the point of view of equilibrium mechanics, but not so
well from the point of view of thermodynamics, unless
stabilized by a very high intrinsic magnetic suscepti-
bility or a single-domain particle.
3.2. Results: thermodynamic equilibrium
deﬂection
Figure 1 shows the mechanical and thermodynamic
equilibrium values of the magnet’s deﬂection c(u0;
mH/K) as a function of the external ﬁeld angle u0
with respect to the resting position for a range of K/
mH values and thermal energies. We can see that the
mechanical equilibrium values of c (dashed blue lines
in ﬁgure 1) are, by and large, identical with the thermo-
dynamic ones. We also ﬁnd that expressions (3.4a–c),
where applicable, provide decent approximations
(dotted red lines in ﬁgure 1).
Importantly, the c(u0) curves are ambiguous for
mH/K   1 in the sense that we can always ﬁnd a ‘vir-
tual’ ﬁeld orientation   u0 that produces the same
deﬂection of the magnet as the actual ﬁeld orientation
u0 does. For mH/K   1,   u0 is simply the supplementary
angle to u0, i.e.   u0 ¼ 180    u0. This follows immediately
from equation (3.4a) because sinu0 ¼ sin(1808 2 u0).
With larger values of mH/K (but still less than 1),
c(u0) becomes more asymmetric but still retains its
ambiguity. As mH/K exceeds 1.5, c(u0) increases
monotonically up to u0 ¼ 1808 2 h (h is small) to
plummet to zero as u0 approaches 1808. While the ambi-
guity in c(u0) now is practically conﬁned to the u0 ¼ 08
and 1808 orientations, both are by no means equivalent,
because the parallel one (u0 ¼ 0) represents a lower
energy state than the antiparallel one (u0 ¼ 1808).
Therefore, the antiparallel state can be more easily per-
turbed by thermal ﬂuctuations than the parallel state
can. This can be seen in ﬁgure 1 from the amplitude
Dc(u0) of the ‘error margins’ (grey area): Dc(u0 ¼
1808) is always larger than Dc(u0 ¼ 0), particularly so
for mH/K .1, in which case the ﬂuctuation amplitude
Dc(p) exceeds the amplitude of the maximum signal.
Figure 2 shows the behaviour of Dc(u0 ¼ 0) and
Dc(u0 ¼ p) as a function of mH/K for a range of K/
kT ratios (see appendix D for an analytical derivation
of ﬂuctuation amplitudes). In the quasi-non-thermal
regime (see green line in ﬁgure 2 for K ¼100kT), the
angular scatter Dc(u0 ¼ 1808) soars as mH approaches
K. With increasing inﬂuence of thermal ﬂuctuations,
the transition is less sharp (see olive and magenta
curves in ﬁgure 2 for K ¼ 10kT and K ¼ 1kT,
respectively) because the system has a large scatter
already in the non-magnetic limit mH/K ¼ 0, where
the angular ﬂuctuations are due solely to thermally
induced bending of the elastic element,
DcðmH ¼ 0Þ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kT=K
p
. Note that Dc
2 ¼ kT/K ¼
L/Lp, where Lp ¼ EI/kT is the so-called thermal
persistence length, which deﬁnes the characteristic
length scale related to thermal bending of a
(non-magnetic) ﬁlament. For example, Dc amounts
to 0.14 rad (88) for L ¼ Lp/100 and to 0.44 rad
(258) for L ¼ Lp/10.
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
L=Lp
p
is a very good approxi-
mation of Dc for L up to about Lp/3. For yet
larger L/Lp ratios, the thermally induced mean deﬂec-
tion of a ﬁlament at its free end is given by
arccos[exp(2L/Lp)] (e.g. Howard 2001, p. 111).
3.3. Transduction of the torque
From these results, one may conclude that a torque
transducer should have a large mH/kT ratio in order
to reduce the effect of thermal ﬂuctuations on the pre-
cision of the measurement and to provide a safety
margin for (geological) times during which the inten-
sity H of the external ﬁeld is strongly reduced
compared with present-day ﬁelds (see ﬁg. 4 in
Kirschvink et al. 2010). One may be tempted to
conclude also that the mH/K ratio would ideally be
larger than unity, in order to allow for large defor-
mations and to remove the axial ambiguity of the
system with respect to the parallel and antiparallel
orientation of the external ﬁeld with respect to the mag-
net’s rest orientation. As shown, the parallel orientation
always represents a stable minimum, while the antipar-
allel orientation of the magnet to the external ﬁeld
changes from a metastable to a labile conﬁguration as
the mH/K ratio crosses unity. If the system is in the
mH/K . 1 regime, the 1808 orientation of the external
ﬁeld can be detected—and with it not just the axial
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by the sudden increase in the ﬂuctuation amplitude
of the deﬂection when the ﬁeld orientation approaches
u0 ¼ 1808. Binhi (2006), who focused on the labile
state under the u0 ¼ 1808 orientation (i.e. when
mH/K ratios are larger than unity), showed that a
small angular deviation h of a few degrees from that
position could easily be detected by comparing the ﬂuc-
tuation amplitudes at u0 ¼ 1808 and u0 ¼ 1808 2 h.I t
should be noted that Binhi’s equations emerge naturally
from our thermoﬂuctuation analysis, a fact that may
reassure those readers who have a sceptical attitude
towards the theory of stochastic resonance, which
Binhi (2006) used as framework.
3.3.1. Chemical transduction of magnetic torque. As far
as the transduction is concerned, Binhi (2006) assumed
the rate of intracellular free-radical biochemical reac-
tions to be altered by the strayﬁeld that the
intracellular magnet produces in different orientations
and concluded that the directional sensitivity achieved
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Figure 1. Equilibrium deﬂection kcl of an elastically coupled permanent magnet as a function of the orientation u0 of the external
ﬁeld with respect to the rest orientation of the magnet c ¼ 0, for various values of mH and K. Ratio mH/K increases from (a)t o
(e). Solid line, kcl, thermal equilibrium value of deﬂection (equation (C 2)); grey area, angular scatter +Dc about kcl
(equation (C 4)); blue dashed line, mechanical equilibrium value of deﬂection c; red dotted line, approximate mechanical equili-
brium deﬂection according to equation (3.4a)i n( a,b) and equation (3.4b)i n( c). Note the strong increase in angular scatter on
going towards the antiparallel ﬁeld orientation (u0 ¼ 1808) once mH/K  1, in (d) and particularly in (e). (f) Zoom-in on the
unstable region in (e). (a) mH ¼ 25kT, K ¼ 300kT;( b) mH ¼ 50kT, K ¼ 300kT;( c) mH ¼ 25kT, K ¼ 50kT;( d) mH ¼ 25kT,
K ¼ 25kT;( e) mH ¼ 25kT, K ¼ 15kT.
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model by Kirschvink (1992), in which the magnet is
coupled to a force-gated transmembrane ion channel.
It is clear that in order for Binhi’s mechanism to work
most efﬁciently, the free-radical reaction sites would
have to be distributed very inhomogeneously about
the magnet, since the effect of different orientations of
the magnet would cancel out for a uniform distribution
of reaction sites about the magnet. Let us now assume
that we have a cell in which the rest position of the
magnet is nearly antiparallel to the external ﬁeld direc-
tion, so that the system is close to its critical state
(ﬁgure 3a). We assume the free-radical reaction sites
to be concentrated over a narrow cone extending from
the tip of the magnet so that they experience the maxi-
mum strayﬁeld intensity for the subcritical ﬁeld
orientation. A rotation by a small angle h towards the
ﬁeld axis would bring the system into the labile state
u0 ¼ 1808 (ﬁgure 3b), from where the magnet’s orien-
tation would jump right into the next nearest
minimum, which is at c+ ¼ +Dc(u0¼ 1808) (see
equations (D 6) and (D 7)). For c+ ¼ 908 (see
ﬁgure 1e and f), the ﬁeld acting on the free-radical reac-
tion sites amounts to just a little more than half the
maximum ﬁeld, according to the dipole formula
jHsðqÞj ¼
m
s3
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 þ 3cos2 q
p
; ð3:6Þ
where q is the angular distance between the dipole axis
and the reaction site, located at a distance s away from
the centre of the dipole. As long as the radicals are close
to the magnet, the contribution of the weak externally
applied ﬁeld to the effective ﬁeld can be neglected in
equation (3.6). The reduction in ﬁeld strength may
shorten the lifetime of radical pairs and reduce the tri-
plet yield (for signal transduction of magnetically
induced chemical changes in radical-pair systems, see
Weaver et al. 2000).
It is worth asking if that magnetoreception principle
could also be used to detect variations in ﬁeld intensity.
In ﬁgure 4, it is shown how the relative reduction of the
strayﬁeld intensity at the radical reaction site,
rðH;m;KÞ ; 1  
jHsðc+Þj
jHsðcðp   hÞÞj
; ð3:7Þ
depends on the external ﬁeld strength H for a ﬁxed
value of m (here 25kT/Oe) and various values of K.
All the r(H; m, K) curves have a maximum of 50 per
cent at H ﬃ 1.7K/m and asymptotically converge
towards 17 per cent when H   K/m (not shown).
Around the point r(H; m, K) ﬃ 30 per cent (when H
ﬃ K/m), the r(H; m, K) curves are roughly linear and
have their maximum slope. That point therefore has
the highest sensitivity to a change in external ﬁeld
intensity and so would deﬁne a convenient operation
point. The relative sensitivity is obtained as 0.8dH/H,
that is, the absolute sensitivity is better at lower ﬁeld
strength (compare also with equation (3.5)). The
measurement of the ﬁeld intensity H with a precision
of dH/H ¼ 10 per cent requires that the free-radical-
based transduction pathway has a ﬁeld sensitivity of 8
per cent.
3.3.2. Mechanosensitive ion channels as transduction
elements. As we mentioned earlier, a critical condition
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Figure 2. Amplitude of the angular scatter produced by ther-
mal ﬂuctuations as a function of the ratio of magnetic energy
mH to elastic rigidity K for various values of K. Solid lines,
Dc(u0 ¼ 1808), i.e. angular scatter about the equilibrium pos-
ition when the ﬁeld is antiparallel to the rest orientation of the
magnet, calculated according to equation (D3b). Dashed
lines, angular scatter Dc(u0 ¼ 0) for the parallel orientation
(equation (D 3a)).
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Figure 3. Indirect torque-transducer mechanism according to
Binhi (2006).( a) Equilibrium deﬂection c(1808 2 h) of the
magnet for a ﬁeld orientation u0 ¼ 1808 2 h close to the criti-
cal orientation u0 ¼ 1808 (i.e. h is a few degrees). (b)A su0
changes from 1808 2 h to 1808, the magnet suddenly recoils
to the þc+ orientation. This way, a small change in external
ﬁeld direction can produce a large change in the magnet’s
deﬂection, hence a large change in the magnet’s strayﬁeld
Hs at the site (green patch) where free-radical reactions are
assumed to transduce the strayﬁeld into a nerve signal. Ther-
mal ﬂuctuations can drive the magnet from its pre-critical
c(1808 2 h) orientation also into the metastable 2c+ orien-
tation (dotted arrow). If the energy barriers between the þc+
and the 2c+ state are of the order of the thermal energy,
the magnet will repeatedly bounce between the þc+ and
2c+ state.
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existence of a labile orientation of the magnet, which
in turn requires that the magnetic energy exceed the
elastic rigidity of the material to which it is anchored.
Also, the rotational motion of the magnet must not
be restricted by intracellular components other than
the ﬁlaments to which it is attached, since the deﬂection
amplitude of the magnet can be expected to be of the
order of the length of the magnet. In the following, we
show that an effective torque transducer can also be rea-
lized in a regime where the magnetic torque is one order
of magnitude lower than the elastic spring constants
involved. A magnet coupled tightly to the elastic
matrix has a fast reaction time to a change in the external
magnetic ﬁeld orientation, primarily because the deﬂec-
tion angle is small in the regime mH/K   1 (equation
(3.4a)). With small deﬂection angles c, there is no
longer the need for a clear space around the magnet.
The minimum space requirement is a cone whose axis
coincides with the long axis of the magnet and whose
opening angle is 2c. More importantly, a system in
which a magnet coupled to a relatively stiff elastic
system experiences smaller thermal ﬂuctuations, since
Dc ﬃ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kT=ðK þ mHÞ
p
(see equation (D 3a)).
In the following, we assume that the magnetic torque
is transduced by way of mechanosensitive ion channels.
We start out with the proposition by Kirschvink
(1992), where the magnet is connected through a ﬁla-
ment to a force-gated transmembrane ion channel, so
that the magnetic torque acting on the ﬁlament is trans-
mitted to the channel (ﬁgure 5). Depending on the
geometrical and structural constraints, the permanent
magnet (e.g. a magnetosome chain) can be directly
anchored to the gating spring or mechanically coupled
to it through a relatively stiff ﬁlament, connected in
series. The two elastic elements connected in series
experience the same force when the magnet is deﬂected
about the pivot, while the strain in either element is pro-
portional to the spring constant of the other element.
Thus, with a stiff connecting ﬁlament, almost all the
strain will be taken up by the weak element, i.e. the
system gate þ ion channel. It is clear that in order to
convert the magnetic torque into a large force, the
lever arm R needs to be short, which can be achieved
by inserting the connecting ﬁlament and the pivot
close to one another near one end of the chain. In
ﬁgure 5a, the pivot is a torsional one, which twists
upon a deﬂection of the magnet about the pivot. Impor-
tantly, since the pivot axis is normal to the plane deﬁned
by the magnet and the ﬁlaments, the lever arm can be
made arbitrarily small. In ﬁgure 5b, however, the pivot
axis is in the same plane as magnet and ﬁlaments, so
the lever arm R is necessarily longer than it is in
ﬁgure 5a. The deﬂection of the chain about the pivot
in ﬁgure 5b can bend either the membrane about the
insertion point of the pivotal ﬁlaments (sketched in
blue) or the pivotal ﬁlaments themselves. However, in
order to achieve a short lever arm, the pivotal ﬁlaments
need to be short too, which increases their ﬂexural rigid-
ity. It is therefore energetically more favourable to bend
the membrane about the pivot point rather than to bend
the pivotal ﬁlaments. Readers familiar with hair cells
will note a superﬁcial resemblance of the structure
shown in ﬁgure 3b with a stereociliary pivot, yet there
is an important difference. The stereociliary pivot of
hair cells consists of a number of short actin ﬁlaments
anchored ﬁrmly in the cuticular plate of the hair cell.
That construction gives rise to a ﬂexural stiffness of
0.5   10
215 Nmr a d
21 for an individual stereociliary
pivot, as determined on hair cells of the bullfrog’s saccu-
lus (Howard & Ashmore 1986). Similar values were
obtained on hair cells of the cochlear duct of cooter tur-
tles (Crawford & Fettiplace 1985). To put into
perspective the stiffness value quoted, we express it in
terms of the thermal energy (kT ¼ 4.3 pN nm), which
yields about 10
5kT/rad. This consideration vitiates the
surprising result obtained by Edmonds (1992), who con-
cluded that a single haircell loaded with a single-domain
magnetite crystal (m   1kT/Oe) would be enough to
precisely detect ﬂuctuations of the geomagnetic ﬁeld
strength of the order of 1 per cent. Edmonds (1992)
obtained this ﬁgure from balancing magnetic and gravi-
tational couples, without taking into account elastic
torques (e.g. due to bending). We argue that the result
of such a torque balance is not the ﬁeld sensitivity, but
the ﬁeld strength below which gravitational force
couples become comparable in magnitude to magneti-
cally produced couples (see also appendix E).
Nonetheless, Edmonds’ (1992) null-detector principle
is not affected by that consideration. To avoid misunder-
standing, we emphasize that our model—although it has
mechanosensitive structures analogous to transduction
units in hair bundles—is not a magnetite-loaded hair
bundle in which magnetoreception would be a useful
‘side effect’ of acceleration measurements in the inner
ear. Instead, we postulate that a magnetite-based
sensory cell serves the speciﬁc purpose of magnetorecep-
tion. In this context, it is also interesting to
note that despite extensive ultrastructural work on cili-
ary bundles of hair cells (e.g. Kachar et al. 2000),
magnetite crystals have not been found to be associated
with cilia.
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Figure 4. Relative reduction r(H; m, K) of strayﬁeld intensity
(equation (3.7)) produced by a magnet at a free-radical reac-
tion site on moving from u0 ¼ 1808 2 h to 1808 (compare
ﬁgure 3). The magnetic moment of the magnet is ﬁxed
(25kT/Oe); the values of K range from 5 to 12.5kT/rad
(colours). Dashed lines, r(H; m, K) calculated from equations
(D 7) and (D 8) (see also Binhi 2006). Solid lines, r(H; m, K)
calculated from equation (D 9).
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depicted in ﬁgure 5, we need to include the energy
required to change the open probability p
o of a force-
gated transmembrane ion channel. Typically, the
mechanical work required to change p
o from 50 to 70
per cent is of the order of 1kT, which corresponds to a
force of 1 pN acting over a distance of 4 nm (Corey &
Howard 1994). A force of 1 pN can easily be produced
with a magnetosome chain provided that the lever
arm is short. If, for example, the magnetic moment of
the chain is 25kT/Oe, an effective lever arm Rcos a of
50 nm produces 1 pN when a ﬁeld of intensity H ¼
0.5 Oe is applied perpendicular to the chain. Of
course, by reciprocity (actio ¼ reactio), the magneto-
some chain has to withstand that force which might
be expected to deﬂect the ﬁrst crystal of the chain out
of the chain axis (ﬁgure 5b). However, as shown in
Shcherbakov et al. (1997), crystals in a magnetosome
chain are strongly coupled to each other by magneto-
static interactions. Provided that the gap size is small
between adjacent magnetosomes, the attraction force
is 2pMs
2a
2, where Ms is the saturation magnetization
(480 G for magnetite) and a
2 is the cross-section area.
For a ¼ 50 nm, the attraction force is of the order of
200 pN. Further, we assume the chain to be elastically
supported by ﬁlaments (as in magnetic bacteria, see
Kobayashi et al. 2006; Scheffel et al. 2006); so we need
not be concerned about kinks in the magnetosome
chain. As shown in appendix E, gravitational torques
can be neglected in the torque balance.
Following the classical model by Howard &
Hudspeth (1988), we write the open probability of the
ion channel connected to the ﬁlament (ﬁgure 5)a s
po ﬃ
1
1 þ expð kgsðDLðcÞ L50Þ=kTÞ
; ð3:8Þ
where kg is the stiffness of the gating spring (0.5 pN
nm
21; e.g. Howard & Hudspeth 1988), s is the swing
of the gating spring, i.e. the distance by which the
gating spring moves between open and closed channel
(s ¼ 4 nm; Howard & Hudspeth 1988), DL(c) is the
displacement of the ﬁlament from its rest position and
L50 is the midpoint of the opening transition, which
may change because of adaptation. Equation (3.8)
may contain an additional term to account for changes
in the chemical potential of the channel between its
open and closed state, but that is usually neglected.
For small angles c, we see from ﬁgure 4 that DL(c)
can be approximated by the arc length Rc projected
on L0, so that the related force is obtained
Fg ﬃ kgRccosa; ð3:9Þ
which in turn produces a torque Dg ﬃ FgRcos a about
the pivot. Hence, we can use
Keff ¼ Kp þ Rcosa
d
dc
Fg ¼ Kp þ kgR2 cos2 a ð3:10Þ
as effective rigidity when seeking the mechanical equili-
brium value of c according to equation (3.4a) or (3.4b).
Kp in equation (3.10) is the rigidity related to the pivot.
When Rcos a ¼ 50 nm, the kgR
2cos
2a term in
equation (3.10) with kg ¼ 0.12kT/nm
2 contributes
about 300kT/rad to the effective stiffness, in which
y
a
R = λ Lm
L 0
L 0  + DL
PT
R = Lp + λLm
−y
a
Lm
L 0
L 0  + DL
lLm
PF
Lp
(a)( b)
Figure 5. Sketch of mechanosensitive transduction pathway with geometrical parameters used for theoretical modelling (not to
scale). A magnetosome chain, which can be deﬂected about a pivot (stiffness Kp), is connected through a ﬁlament to a force-gated
ion channel. The orientation c ¼ 0 deﬁnes the orientation of the chain where no elastic torque acts on the pivotal spring. (a) The
torsional pivot PT is oriented perpendicular to the plane deﬁned by the magnet and the gating ﬁlament. The pivot is attached to
the chain at a distance R ¼ lLm from the end where the gating ﬁlament is inserted. The anchor point P1 of the gating ﬁlament
lies on the circle deﬁned by P1 ¼ 2R(cosc, sinc). The other end of the gating ﬁlament is attached to a force-gated ion channel in
the cell membrane at position P2 ¼ (2R 2 L0sina, L0 cosa). (b) The gating ﬁlament is anchored to the magnet at a distance
R ¼ Lp þ lLm, where Lm is the length of the magnet and l is a fraction of Lm. The anchor point P1 lies on the circle deﬁned by
P1 ¼ R(cos c, sinc). The other end of the gating ﬁlament spring is attached to a force-gated ion channel in the cell membrane at
position P2 ¼ (R 2 L0 sina, L0cos a). In (a,b), DL(c) is the change in the Euclidian distance between P2 and P1 as the chain is
deﬂected by an angle c. For small angles, DL(c) can be approximated as arc length.
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eff will be dominated by kgR
2 cos
2 a as long as the
pivotal stiffness Kp is less than about 100kT/rad.
From ﬁgure 6, it can be seen that the opening prob-
ability of a force-gated ion channel changes from 50 to
70 per cent on varying the ﬁeld orientation from 08 to
908 for mH ¼ 15kT, Kp ¼ 100kT/rad, Rcos a ¼ 50 nm
and K
eff ¼ 390kT/rad. The key point here is that the
ratio of the magnetic torque mH to the effective elastic
stiffness K
eff amounts to only 4/100, and yet, the mag-
netically produced force of 1.0 pN is sufﬁcient to
signiﬁcantly alter the opening probability of the chan-
nel. That this mechanism is efﬁcient can be seen by
comparison with the mechanism modelled in Solov’yov &
Greiner (2007), which produces a force of only a few
tenths pN upon a 908 rotation of the magnetic ﬁeld,
although the magnetic energy contained in the mod-
elled chain of platelets was as large as 580kT.
Solov’yov & Greiner (2007) assumed a chain of 10 par-
ticles, each of dimensions 1   1   0.1 mm
3 and of ﬁxed
magnetization intensity of 50 G, and computed the
chain’s strayﬁeld and its attraction force on a nearby
cluster of superparamagnetic magnetite crystals. We
argue that if the chain of platelets has the properties
as assumed by Solov’yov & Greiner (2007), the torque
on the chain produced by a 908 shift of the external
ﬁeld will be a ﬁrst-order effect that makes the indirect
strayﬁeld mechanism an effect of second order in mag-
nitude. We refer to Shcherbakov & Winklhofer for an
alternative model on the basis of a chain of platelets.
3.3.3. Membrane-stress-activated ion channels as trans-
duction elements. The second kind of mechanosensitive
ion channels are those that open (or close) in response
to stress received from the lipid bilayer membrane in
which they are embedded. These are found in all animals
and all sorts of cells and are associated with intrinsic cell
transduction (Markin & Sachs 2004). Because of their
ubiquity, those channels have been proposed to act as
transducers of mechanical stimuli produced by magnetic
torques (Walker et al. 2002) or forces (Davila et al.2 0 0 3 ).
According to the classiﬁcation scheme of mechanosensi-
tive ion channels by Markin & Sachs (2004),t h e r ea r e
three end member types: (i) area-sensitive channels, acti-
vated by tensile stress perpendicular to the ion channel
axis, (ii) shape-sensitive channels, activated by a
torque in the membrane (i.e. due to bending), and (iii)
length-sensitive channels, activated by a line tension
along the channel axis. As Markin & Sachs (2004)
point out, natural mechanosensitive channels may com-
bine two or even three of these basic deformation
types, and it depends on the generalized force (tension,
torque or line tension) as to which deformation mode is
activated. Let us now consider the application of a
single point force to the cell membrane, transmitted
through the insertion point of a thin ﬁlament that is
attached at its other end to the magnetosome chain.
The cell membrane can be approximated by a spheroidal
shell, and it is known from the theory of shells that an
elastic shell cannot be bent without being stretched
(e.g. Landau & Lifshitz 1991, ch. 15). Let the character-
istic deﬂection amplitude produced by the point force F
be j   F/km,w h e r ekm is the membrane spring constant,
with km   Eh
2/Rc,w h e r eE is the Young modulus, h is
the thickness of the membrane and Rc is the radius of
curvature of the membrane when no force is applied.
The deﬂection j produces a tension   j/Rc and a local
curvature of   j/hRc. Although the stretch energy
  Eh(j/Rc)
2 and bending energy   Eh
3(j/hRc)
2 are
of the same order, the amount of stretching is much
smaller than the amount of bending! Thus, the appli-
cation of a point force pays mostly in bending
deformation and therefore is more likely to activate
shape-sensitive rather than area-sensitive ion channels.
Of course, if an area-sensitive ion channel is located at
the right spot (where the stretch energy is concentrated),
it can be opened as well. For a lipid bilayer membrane
supported by a soft cytoskeleton network, the spring
constant km was estimated to be approximately 0.1 pN
nm
21 (Boulbitch 1998). This is comparable with the
stiffness kg of a gating spring. Thus, if the force mH sin
u/(Rcosa) emerging at the short lever arm R of a mag-
netosome chain is sufﬁcient to open a ﬁlament-gated
channel, it is also sufﬁcient to locally bend the mem-
brane. With km   0.1 pNnm
21, a force of 1 pN
magnitude is sufﬁcient to produce a membrane deﬂection
of the order of the membrane thickness and thus to
induce membrane buckling—as indicated by the
change in local curvature (12j/h)Rc when j/h .1.
The buckling transition could deﬁne a suitable set
point for a magnetoreceptor.
Finally, we note that the pivot itself may be the active
element that mediates the membrane tension, in which
case no ‘connecting ﬁlament’ (red rod in ﬁgure 5b)i s
needed. Deﬂection of the magnet produces a force
couple around the pivot’s insertion point in the mem-
brane, which again can alter the opening probability of
mechanosensitive ion channels in that membrane patch.
4. CONCLUSIONS
The torque mechanisms on the basis of single-domain
magnetite analysed in §3.3 can be expected to produce
physiologically exploitable signals, for a large range of
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Figure 6. Opening probability of a force-gated ion channel as
a function of the orientation of the external ﬁeld for three
different values of the magnetic to thermal energy ratio
(olive, mH ¼ 5kT; magneta, mH ¼ 15kT; blue, mH ¼ 45kT).
Parameters: stiffness Kp of the pivot 100kT/rad, effective
lever arm and Rcosa ¼ 50 nm, i.e. K
eff ¼ 390kT/rad.
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duce the strayﬁeld variations produced by a deﬂected
intracellular magnet (Binhi 2006), it is necessary that
the magnet be coupled to a soft elastic matrix that
allows for large deﬂections in the ﬁrst place. In contrast,
if the torque mechanism is directly coupled to a
mechanotransductive pathway, the rigidity of the
mechanosensitive structures (equation (3.10)) is an
essential part of the torque balance and will typically
be of the order of 10
2kT/rad per connecting ﬁlament.
As a consequence, the resulting angular deﬂections
of the magnet will be small. As shown in §3.3.2,
however, the decisive parameter is not the angular
deﬂection, but the force produced by the magnetic
torque at the short lever arm, or the force couple pro-
duced at the insertion point of the pivot. As long as
the rigidity of the pivot is smaller than the rigidity of
the mechanosensitive structures, the mechanotransduc-
tive pathway through a connecting ﬁlament provides an
efﬁcient way of transmitting the magnetic torque to the
mechanosensitive structures.
Whether the magnet is softly or rigidly anchored (or
not anchored at all) can be tested on isolated candidate
receptor cells in experiments similar to those conducted
on magnetic bacteria with rotating magnetic ﬁelds
under the light microscope (e.g. Hanzlik et al. 2002).
A cell is ﬁrst aligned with a sufﬁciently strong ﬁeld,
say 10 Oe, from which the orientation time can be
determined. Then the ﬁeld is slowly rotated in the opti-
cal plane. Since the cell has a much larger viscous
resistance factor than the magnet inside the cell, the
magnet would—if only softly anchored—rotate into
its equilibrium position before the cell responds to the
ﬁeld change by passive rotation and one can expect to
see a qualitatively different orientation behaviour for
such a cell than for a cell in which the magnet is more
rigidly anchored. If the magnet is not anchored at all,
it cannot transmit a torque to the cell membrane and
thus the application of a rotating homogeneous ﬁeld
will not rotate the cell.
Although behavioural experiments using pulsed
magnetic ﬁelds are immensely useful to demonstrate
the involvement of magnetic material in the orientation
behaviour (see §2.3), they have limited diagnostic power
to resolve whether the magnet is softly or rigidly
anchored. All torque mechanisms presented here
would be affected by a magnetic pulse, but—provided
that no damage has occurred—it depends on the kind
of signal produced by the mechanism whether the
effect is only immediate or transient, i.e. it depends
on whether the mechanism is sensitive to the polarity
of the torque vector or just to the magnitude of the
torque (§§2.2 and 2.3).
Curiously, a magnetic torque receptor coupled to a
chemical transduction pathway (as in Binhi’s model)
has the potential to act as a polar compass, even
though the radical-pair reactions per se cannot be har-
nessed to resolve the polarity. Although this conclusion
may appear counterintuitive, it becomes clear when
considering that it is not the axial sensitivity of rad-
ical-pair reactions which is exploited in Binhi’s model,
but the sensitivity of radical-pair lifetime and reactivity
to the ﬁeld strength.
Whether a torque receptor coupled to a mechanosen-
sitive channel has polar or axial characteristics depends
on whether or not the mechanosensitive transduction
pathway has a polarity. If the mechanosensitive channel
is directly gated through a ﬁlament (as shown in
ﬁgure 5), the open probability depends on the direction
of the magnetically produced force that acts on the
gating ﬁlament and therefore depends on the polarity
of the external ﬁeld. If, however, the ion channels are
not directly gated by a ﬁlament but indirectly by way
of membrane deformations produced by a ﬁlament
inserted nearby, it depends on the local stress ﬁeld that
acts on the channel. If the ion channel is area-sensitive
(stretch activated), it is likely to feel the same stress inde-
pendent of the direction of the force transmitted to the
membrane; hence, we expect an axial response of a mag-
netoreceptor coupled to stretch-activated channels.
Thus, an inclination compass can be realized on the
basis of a torque detector coupled to a stretch-sensitive
ion channel that measures the magnitude of the
torque. For a hybrid torque detector, which contains
both superparamagnetic and permanent magnetic
material, the situation is more complicated because the
axis of the susceptibility tensor may not coincide with
the axis of the permanent magnetic moment. For
example, the hybrid receptor proposed by Solov’yov &
Greiner (2007) was found to have features of the incli-
nation compass at certain conditions, but not generally
(Solov’yov & Greiner 2009). When it comes to extracting
the ﬁeld direction from the mechanically transduced
torque, it is also important to remember that the instan-
taneous torque 2mH sinu0 is a non-unique function.
Even if magnetic moment and ﬁeld strength are
known, a virtual ﬁeld applied at the supplementary
angle 1808 2 u0 would produce the same torque as the
original ﬁeld applied at u0. The twofold ambiguity
also applies to the equilibrium deformation as long as
the instantaneous magnetic torque is smaller than the
counteracting elastic rigidity. If the torque detector is
used as a null detector—as suggested by Edmonds
(1992)—the 08 and the 1808 ﬁeld orientation are equiv-
alent, so that all torque detectors discussed here except
the one suggested by Binhi (2006) would measure the
axial orientation but not the polarity of the ﬁeld.
Note that the ambiguity does not exist for the u0 ¼
908 ﬁeld orientation (maximum torque position), for
which ‘polar’ or ‘axial’ again depends on whether the
full torque vector or its magnitude is transduced.
Thetorque-transducermodelsanalysedin§3.3arealso
sensitive to intensity variations of ambient magnetic ﬁeld
(ﬁgures 4 and 6), although the output signal may be non-
nonlinear (ﬁgure 6) or even non-monotonic (ﬁgure 4), so
that functionality of a given receptor cell may be limited
to certain intensity window. Although any magnetic
torque detector will be subject to thermal ﬂuctuations,
these are not debilitating to the magnetoreception
mechanism. If the torque receptor is coupled to a mech-
anosensitive ion channel, the transduced signal will
certainly ﬂuctuate, but importantly, it will ﬂuctuate
about a stable average value. This is the fundamental
difference to a system that is not subject to an orienting
force. The thermal ﬂuctuation amplitude can be used as
an inverse measure of the ﬁeld intensity (see expressions
S284 Torque-transducer models M. Winklhofer and J. L. Kirschvink
J. R. Soc. Interface (2010)(D 3a) and (D 3b)). In Binhi’s (2006) model, thermal
ﬂuctuations even help to increase the sensitivity of the
system.
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APPENDIX A. APPARENTAND INTRINSIC
SUSCEPTIBILITY
The apparent magnetic susceptibility x 0 is deﬁned as
the slope of the magnetization curve, x ¼ (dM/dH).
It depends on the geometry of the magnetic body and
is related to the intrinsic magnetic susceptibility x of
the magnetic material in the body by the following
expression:
x0
i ¼
x
1 þ Nix
; ðA1Þ
where Ni (i ¼ 1, 2, 3) is the demagnetization factor
along the ith principal axis of the body. If the magnetic
volume concentration of the body is c, then expression
(A 1) takes the form
x0
i ¼
cx
1 þ Nicx
: ðA2Þ
We approximate the magnetic layer of the otolithic
membrane as a ﬂat ellipsoid (a . b   c) with aspect
ratios b/a ¼ 1.25/2.5 and c/a ¼ 0.05/2.5. Using the
formulae for the demagnetization factors of the
general ellipsoid, given by Osborn (1945),w e
obtain Na/4p ¼ 0.0122, Nb/4p ¼ 0.0343 and Nc/4p ¼
(1 2 Nb/4p 2 Na/4p) ¼ 0.953. The magnetic torque
Dx ¼ V(x0.H)   H is given by
Dx ¼
Da
Db
Dc
0
@
1
A
¼
1
2
ðx0
b   x0
cÞsinfsin2u
ðx0
c   x0
aÞcosfsin2u
ðx0
a   x0
bÞsin2fsin2 u
0
@
1
AH2V; ðA3Þ
where u is the colatitude and f is the azimuth of H with
respect to the {ea, eb, ec} coordinate system, i.e. u is the
angle between H and ec,a n df is the angle of the pro-
jection of H onto the (ea, eb) plane, reckoned from ea.
With x0
a . x0
b   x0
c, the maximum out-of-plane
couple is produced by Db and occurs when the
ﬁeld is oriented at (f ¼ 08, u ¼+458)o r( f ¼+1808,
u ¼+458), i.e. 1/2(xc
02 xa
0)H
2V. The maximum
value of the in-plane couple, produced by Dc, occurs
at (f ¼+458, u ¼+908)o r( f ¼+1358, u ¼+908)
and is given by 1/2(xa
02 xb
0)H
2V.
APPENDIX B. TORQUE
CHARACTERISTICS
If the torque transducer is based on magnetic material
that can be reversibly magnetized (i.e. it has no magnetic
remanence), the magnetic torque is given by equation
(2.2) or, more speciﬁcally, by equation (A 3). The H
2
dependence of the torque in equation (A 3) suggests that
thepolarityofHdoesnotmatterhere.Indeed,weseethat
Dxð180    u;f þ 180 Þ¼Dxðu;fÞ; ðB1aÞ
i.e. Dx is invariant to a full reversal of the external
magnetic ﬁeld. Further,
Dxðu;f þ 180 Þ¼Dxð180    u;fÞ
= Dmðu;fÞ; ðB1bÞ
which expresses that the torque produced in a ﬁeld with
inverted horizontal ﬁeld component is the same as the
torque produced in a ﬁeld with inverted vertical com-
ponent and that both situations produce a torque
different to the torque produced under normal ﬁeld con-
ditions. If either component is inverted with respect to
the normal ﬁeld, then the direction of the torque rotates
horizontally by 1808,
Dxðu;f þ 180 Þ¼Rð pÞ Dxðu;fÞ; ðB2Þ
where R(2p) is the diagonal matrix
Rð pÞ¼
 100
0  10
00 1
0
@
1
A
¼
cosð pÞ sinð pÞ 0
sinð pÞ cosð pÞ 0
00 1
0
@
1
A;
which obviously represents a rotation of the coordinate
system by 1808abouttheverticalaxis.Thesetofrelations
(B 2a,b)i si nexact agreement with the orientation behav-
iour of migratory birds reported in the classic paper by
Wiltschko & Wiltschko (1972).
If the torque transducer is based on permanent
magnetic material, then the torque is given by
Dm ¼ m   H
¼ cosI
my tanI   mz sinD
mz cosD   mx tanI
mx sinD   my cosD
0
@
1
AH; ðB3Þ
where m ¼ (mx, my, mz) is the magnetic moment, H is
the external magnetic ﬁeld H ¼ (cosIcos D,c o s Isin D,
sinI)H,w h e r eD is the declination and I isthe inclination.
Equation (B 3) depends only linearly on H,s ot h a tt h e
equivalence relations (B 1a,b) ,w h i c hh o l df o rDx,n o w
apply to the magnitude of Dm, but not to Dm itself:
jDmð I;f þ 180 Þj ¼ jDmðI;fÞj; ðB4aÞ
jDmðI;f þ 180 Þj ¼ jDmð I;fÞj
= jDmðI;fÞj: ðB4bÞ
The same applies to the projection of the force couple
onto a ﬁlament that connects the magnet to a mechan-
osensitive structure. Let us now deﬁne the two vectors
a ¼ (em   m   H)/R and n, where a is the force
exerted by the magnetic torque onto a ﬁlament
attached at a distance R from the pivot and n is the
orientation vector of the ﬁlament. Again, the projection
a.n does not satisfy the equivalence conditions, whereas
its magnitude ja.nj does.
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EQUILIBRIUM DEFLECTION
The energy function has the generic form
WðcÞ¼
1
2
Kc2   mH cosðu0   cÞ; ðC1Þ
where K is the effective rigidity of all elastic elements
connected to a permanent magnet of magnetic
moment m in a ﬁeld H. The thermodynamic equili-
brium value of the observable c is the expectation
value of c, where each possible deﬂection c is weighted
according to its Boltzmann probability
kcl ¼ Z 1
ð
cexp
 WðcÞ
kT
  
dc; ðC2Þ
where the normalizing factor Z is the partition sum
Z ¼
ð
exp
 WðcÞ
kT
  
dc: ðC3Þ
The integral extends over all states, although it is
usually sufﬁcient to set [22p;2 p] as integration limit,
since c values outside that range soon become energeti-
cally so unfavourable that their Boltzmann probability
and thus their weight are negligible. Another advantage
of the thermodynamic treatment is that it furnishes also
the magnitude of the ﬂuctuations about the equilibrium
value
ðDcÞ
2 ¼ kc2l   kcl
2; ðC4Þ
where Dc is the standard deviation of the ﬂuctuations
about the mean value kcl and kc
2l is the mean-square
value of c, given by
kc2l ¼ Z 1
ð
c2 exp
 WðcÞ
kT
  
dc: ðC5Þ
APPENDIX D. THERMOFLUCTUATION
ANALYSIS
We start from the expression for the total energy
(equation (C 1)). For the two ﬁeld orientations u0 ¼ 0
(always stable) and u0 ¼ p (metastable or labile,
depending on mH/K), the potential W(c) is reﬂection
symmetric about the equilibrium deﬂection c ¼ 0,
which allows us to expand W(c) into a series of even
powers of c about c ¼ 0, i.e.
Wðc;u0 ¼ 0Þ
ﬃ  mH þ
1
2
ðK þ mHÞc2  
1
24
mHc4
þ Oðc6Þ; ðD1aÞ
Wðc;u0 ¼ pÞ
ﬃþ mH þ
1
2
ðK   mHÞc2 þ
1
24
mHc4
þ Oðc6Þ: ðD1bÞ
From the different coefﬁcients of the c
2 term, we see
that elastic stiffness K is apparently increased (equation
(D 1a)) or decreased (equation (D 1b)) by mH. The
energy well about the deﬂection c ¼ 0 is indeed shal-
lower for the antiparallel orientation (metastable
state) than for the parallel orientation (stable state),
and therefore thermal perturbations cause greater angu-
lar scatter in the antiparallel orientation. Once the mH/
K ratio exceeds unity, the metastable state turns into a
local maximum, which implies a transition from a one-
well to a double-well system.
An estimate of the mean-square angular deviation of
c may be obtained by determining the value of c
2 that
changes the total energy according to equations
(D 1a,b)b ykT/2, which corresponds to the average
thermal energy for one degree of freedom. For the
stable orientation u0 ¼ 0, we can neglect all terms in
equation (D 1a) that are of order c
4 or higher and have
1
2
kT ¼
1
2
ðK þ mHÞkc2l; ðD2Þ
which we could have directly obtained by applying the
equipartition principle to a spring with effective spring
constant (K þ mH). Owing to the symmetry of the
potential, the mean value kcl is zero (both for u0 ¼ 0
and u0 ¼ p) so that the angular variance (Dc)
2 is iden-
tical to kc
2l (equation (C 4)). Thus, the thermally
induced angular scatter about the stable u0 ¼ 0
orientation is given by
Dcðu0 ¼ 0Þ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kT
K þ mH
r
: ðD3aÞ
To approximate the ﬂuctuations in the antiparallel
orientation, we have to take into account also the c
4
term in equation (D 1b), because Dc(u0 ¼ p) would
diverge in the limit mH ! K if we used an effective
spring constant of (K 2 mH). Applying the
equipartition principle to expression (D 1b), we have
kT ¼ 2  
1
2
ðKp   mHÞkc2l þ 4  
1
24
mHkc2l
2;
where each series coefﬁcient is weighted by the order of
c. Thus, the mean-square angular deviation about the
u0 ¼ p orientation is
kc2lðu0 ¼ pÞ
¼ 31  
K
mH
þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ﬃ
1  
K
mH
   2
þ
4kT
6mH
s 2
4
3
5;
ðD3bÞ
which is valid for both mH/K , 1 (metastable) and
mH/K . 1 (labile). Up to about mH/Kp   0.5, the
ratio of the angular scatter in the antiparallel to the
parallel state may be approximated as
Dcðu0 ¼ pÞ
Dcðu0 ¼ 0Þ
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Kp þ mH
Kp   mH
s
: ðD4Þ
In the limit mH ! K,w eh a v eDc (u0 ¼ p) ¼ (6kT/
mH)
1/4 and thus
lim
mH!K
Dcðu0 ¼ pÞ
Dcðu0 ¼ 0Þ
¼ 23=4   31=4 mH
kT
   1=4
: ðD5Þ
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equation (C 5) also using the untruncated expression
for the total energy (C 1) and obtained the same func-
tional dependence as in equation (D 5). That procedure
yields a numerical prefactor of 1.83, which is smaller by
a factor of 0.8 than the one in expression (D5). This
small discrepancy is attributable to equation (D 3b),
which slightlyoverestimates the actual angular variation,
while equation (D 3a) is accurate as long as mH ¼ K  
kT.F o rmH ¼ K   kT,e x p r e s s i o n( D3 a) diverges,
while the partition-sum-based estimate converges
towards the value 3.63. Clearly, that parameter range
is certainly not of interest here. It is also interesting to
consider the non-thermal (kT ¼ 0) limit of equation (D
3b), i.e. the macroscopic situation, where we simply have
Dcðu0 ¼ p;T ¼ 0Þ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
6ð1   K=mHÞ
p
; ðD6Þ
for mH/K . 1, while Dc(p) ¼ 0f o rmH/K   1. In the
non-thermal limit, Dc(u0 ¼ p) is the angular distance
between the stable c ¼ 0 position and the position c+
at which the energy is minimum (i.e. in either well of
the double-well potential). Interestingly, Binhi (2006),
who treated the double-well situation, derived the
expression
c+ ¼ +
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
6ð1   K=mHÞ
p
; ðD7Þ
to provide
h ¼
kT
ðmHc+Þ
ðD8Þ
as an estimate of the minimally detectable angle h from
the antiparallel position u0 ¼ p. However, that expression
diverges as soon as mH becomes equal to or less than K,
i.e. when the energy landscape switches from the double-
well to the single-well shape, for which Binhi’s formulae
do not apply. For mH   K, we suggest using the
following expression for the minimally detectable angle:
h ¼
kT
mH
1
Dcðu ¼ pÞ
: ðD9Þ
From equations (3.6) and (3.7) in the article, we see
that the value of h for which the thermoﬂuctuation
mechanism becomes inefﬁcient is given by the condition
cos
2Dc(p) ¼ cos
2c(p 2 h), which is the case when h
becomes as large as the change in deﬂection when
going from u0 ¼ p2 h to u0 ¼ p.
APPENDIX E. ROLE OF GRAVITY
The gravitational couple acting on the pivot owing to
the permanent magnet (volume V and length Lm)i s
Dg ¼ (1 2 l)Lm(rm 2 rc)gVcos b, where (1 2 l)Lm
is the lever arm, rm 2 rc is the density difference
between the magnetic material (magnetite, rm ¼ 5g
cm
23) and the cytosol (approx. 1 gcm
23), g is the grav-
itational acceleration (approx. 980 cms
22)a n db is the
angle between the magnet and the vertical. Let us
assume that the magnet is a single-stranded chain of
N ¼ 50 tightly spaced single-domain magnetite particles,
each of dimensions 60   50   50 nm
3. This gives a total
length Lm ¼ 3.5 mm and a magnetic-to-thermal energy
ratio of mH ¼ 50kT at H ¼ 0.5 Oe. The maximum grav-
itational couple is smaller than kT/3 and thus negligible,
unless the ﬁeld strength is lower than 0.01 Oe. The situ-
ation is different in the dendrite containing clusters of
superparamagnetic magnetite, which extend over tens
of micrometres. A detailed analysis of the interplay
between magnetic and gravitational couples in such a
macroscopic system was provided in Shcherbakov &
Winklhofer (2004).
REFERENCES
Bazylinski, D. A., Schlezinger, D. R., Howes, B. H., Frankel,
R. B. & Epstein, S. S. 2000 Occurrence and distribution
of diverse populations of magnetic protists in a chemically
stratiﬁed coastal salt pond. Chem. Geol. 169, 319–328.
(doi:10.1016/S0009-2541(00)00211-4)
Beason, R. C., Wiltschko, R. & Wiltschko, W. 1997 Pigeon
homing: effects of magnetic pulses on initial orientation.
Auk 114, 405–415.
Binhi, V. N. 2006 Stochastic dynamics of magnetosomes and a
mechanism of biological orientation in the geomagnetic
ﬁeld. Bioelectromagnetics 27, 58–63. (doi:10.1002/bem.
20178)
Blakemore, R. P. 1975 Magnetotactic bacteria. Science 190,
377–379. (doi:10.1126/science.170679)
Boulbitch, A. A. 1998 Deﬂection of a cell membrane under
application of a local force. Phys. Rev. E 57, 2123–2128.
(doi:10.1103/PhysRevE.57.2123)
Butler, R. F. & Banerjee, S. K. 1975 Theoretical single-
domain size range in magnetite and titanomagnetite.
J. Geophys. Res. 80, 4049–4058. (doi:10.1029/
JB080i029p04049)
Corey, D. P. & Howard, J. 1994 Models for ion-channel gating
with compliant states. Biophys. J. 66, 1254–1257. (doi:10.
1016/S0006-3495(94)80909-9)
Crawford, A. C. & Fettiplace, R. 1985 The mechanical-
properties of ciliary bundles of turtle cochlear
hair-cells. J. Physiol. Lond. 364, 359–379.
Davila, A. F., Fleissner, G., Winklhofer, M. & Petersen, N.
2003 A new model for a magnetoreceptor in homing
pigeons based on interacting clusters of superparamagnetic
magnetite. Phys. Chem. Earth 28, 647–652.
Davila, A. F., Winklhofer, M., Shcherbakov, V. P. & Petersen,
N. 2005 Magnetic pulse affects a putative magnetoreceptor
mechanism. Biophys. J. 89, 56–63. (doi:10.1529/biophysj.
104.049346)
Diebel, C. E., Proksch, R., Green, C. R., Neilson, P. & Walker,
M. M. 2000 Magnetite deﬁnes avertebrate magnetoreceptor.
Nature 406,2 9 9 – 3 0 2 .( doi:10.1038/35018561)
Edmonds, D. T. 1992 A magnetite null detector as the
migrating bird’s compass. Proc. R. Soc. Lond. B 249,
27–31. (doi:10.1098/rspb.1992.0079)
Edmonds, D. T. 1996 Sensitive optically detected magnetic
compass for animals. Proc. R. Soc. Lond. B 263,
295–298. (doi:10.1098/rspb.1996.0045)
Evans, M. E. & McElhinny, M. W. 1969 An investigation of
the origin of stable remanence in magnetite-bearing
igneous rocks. J. Geomag. Geoelect. 21, 757–773.
Fleissner, G., Holtkamp-Rotzler, E., Hanzlik, M., Winklhofer,
M., Petersen, N. & Wiltschko, W. 2003 Ultrastructural
analysis of a putative magnetoreceptor in the beak of
homing pigeons. J. Comp. Neurol. 458, 350–360. (doi:10.
1002/cne.10579)
Frankel, R. B. & Blakemore, R. P. 1980 Navigational compass
in magnetic bacteria. J. Magn. Magn. Mater. 15–18,
1562–1564. (doi:10.1016/0304-8853(80)90409-6)
Torque-transducer models M. Winklhofer and J. L. Kirschvink S287
J. R. Soc. Interface (2010)Frankel, R. B., Blakemore, R. P. & Wolfe, R. S. 1979 Magne-
tite in freshwater magnetotactic bacteria. Science 203,
1355–1356. (doi:10.1126/science.203.4387.1355)
Gould, J. L., Kirschvink, J. L. & Deffeyes, K. S. 1978 Bees
have magnetic remanence. Science 201, 1026–1028.
(doi:10.1126/science.201.4360.1026)
Hanson, M., Westerberg, H. & Oblad, M. 1990 The role of
magnetic statoconia in dogﬁsh (Squalus acanthias).
J. Exp. Biol. 151, 205–218.
Hanzlik, M., Heunemann, C., Holtkamp-Rotzler, E.,
Winklhofer, M., Petersen, N. & Fleissner, G. 2000 Super-
paramagnetic magnetite in the upper beak tissue of
homing pigeons. Biometals 13, 325–331. (doi:10.1023/
A:1009214526685)
Hanzlik, M., Winklhofer, M. & Petersen, N. 2002
Pulsed-ﬁeld-remanence measurements on individual
magnetotactic bacteria. J. Magn. Magn. Mater. 248,
258–267. (doi:10.1016/S0304-8853(02)00353-0)
Harada, Y., Taniguchi, M., Namatame, H. & Iida, A. 2001
Magnetic materials in otoliths of bird and ﬁsh lagena
and their function. Acta Laryngol. 121, 590–595.
(doi:10.1080/000164801316878872)
Heider, F., Zitzelsberger, A. & Fabian, K. 1996 Magnetic sus-
ceptibility and remanent coercive force in grown magnetite
crystals from 0.1 mm to 6 mm. Phys. Earth Planet. Inter.
93, 239–256. (doi:10.1016/0031-9201(95)03071-9)
Holland, R. A., Kirschvink, J. L., Doak, T. G. & Wikelski, M.
2008 Bats use magnetite to detect the earth’s magnetic
ﬁeld. PLoS ONE 3, e1676. (doi:10.1371/journal.pone.
0001676)
Howard, J. 2001 Mechanics of motor proteins and the
cytoskeleton. Sunderland, MA: Sinauer.
Howard, J. & Ashmore, J. F. 1986 Stiffness of sensory hair
bundles in the sacculus of the frog. Hear. Res. 23,
93–104. (doi:10.1016/0378-5955(86)90178-4)
Howard, J. & Hudspeth, A. J. 1988 Compliance of the hair
bundle associated with gating of mechanoelectrical
transduction channels in the bullfrog’s saccular hair cell.
Neuron 1, 189–199. (doi:10.1016/0896-6273(88)90139-0)
Irwin, W. P. & Lohmann, K. J. 2005 Disruption of magnetic
orientation in hatchling loggerhead sea turtles by pulsed
magnetic ﬁelds. J. Comp. Physiol. A 191, 475–480.
(doi:10.1007/s00359-005-0609-9)
Kachar, B., Parakkal, M., Kurc, M., Zhao, Y. & Gillespie,
P. G. 2000 High-resolution structure of hair-cell tip links.
Proc. Natl Acad. Sci. USA 97, 13336–13341.
Kirschvink, J. L. 1979 I. A paleomagnetic approach to the
Precambrian-Cambrian boundary problem. II. Biogenic
magnetite: its role in the magnetization of sediments and
as the basis of magnetic ﬁeld detection in animals. PhD
thesis, Division of Geological and Geophysical Sciences,
Princeton University, Princeton, NJ.
Kirschvink, J. L. 1992 Constraints on biological effects of
weak extremely-low-frequency electromagnetic-ﬁelds—
comment. Phys. Rev. A 46, 2178–2184. (doi:10.1103/
PhysRevA.46.2178)
Kirschvink, J. L. 1994 Rock magnetism linked to human brain
magnetite. EOS Trans. Am. Geophys. Union 75, 178–179.
(doi:10.1029/94EO00859)
Kirschvink, J. L. & Gould, J. L. 1981 Biogenic magnetite as a
basis for magnetic-ﬁeld detection in animals. Biosystems
13, 181–201. (doi:10.1016/0303-2647(81)90060-5)
Kirschvink, J. L. & Kobayashi-Kirschvink, A. 1991 Is
geomagnetic sensitivity real? Replication of the Walker–
Bitterman conditioning experiment in honey bees. Am.
Zool. 31, 169–185.
Kirschvink, J. L. & Lowenstam, H. A. 1979 Mineralization
and magnetization of chiton teeth—paleomagnetic,
sedimentologic, and biologic implications of organic mag-
netite. Earth Planet. Sci. Lett. 44, 193–204. (doi:10.
1016/0012-821X(79)90168-7)
Kirschvink, J. L., Walker, M. M., Chang, S. B., Dizon, A. E. &
Peterson, K. A. 1985 Chains of single-domain magnetite
particles in chinook salmon, Oncorhynchus tshawytscha.
J. Comp. Physiol. A 157, 375–381. (doi:10.1007/
BF00618127)
Kirschvink, J. L., Diaz-Ricci, J., Nesson, M. H. & Kirschvink,
S. J. 1993 Magnetite-based magnetoreceptors: ultrastruc-
tural, behavioral, and biophysical studies. Technical
report TR-102008, Electric Power Research Institute
(EPRI), Palo Alto, CA.
Kirschvink, J. L., Winklhofer, M. & Walker, M. M. 2010 Bio-
physics of magnetic orientation: strengthening the interface
between theoryand experimentaldesign. J.R.Soc.Interface
7, S179–S191. (doi:10.1098/rsif.2009.0491.focus)
Kobayashi, A., Kirschvink, J. L., Nash, C. Z., Kopp, R. E.,
Sauer, D. A., Bertani, L. E., Voorhout, W. F. & Taguchi, T.
2006 Experimental observation of magnetosome chain
collapse in magnetotactic bacteria: sedimentological, paleo-
magnetic, and evolutionary implications. Earth Planet. Sci.
Lett. 245, 538–550. (doi:10.1016/j.epsl.2006.03.041)
Kopp, R. E. & Kirschvink, J. L. 2008 The identiﬁcation and
biogeochemical interpretation of fossil magnetotactic bac-
teria. Earth Sci. Rev. 86, 42–61. (doi:10.1016/j.earscirev.
2007.08.001)
Landau, L. D. & Lifshitz, E. M. 1991 Elastizita ¨tstheorie.
Lehrbuch der Theoretischen Physik. Berlin, Germany:
Akademie Verlag.
Light, P., Salmon, M. & Lohmann, K. J. 1993 Geomagnetic
orientation of loggerhead sea-turtles—evidence for an
inclination compass. J. Exp. Biol. 182, 1–9.
Lohmann, K. J., Pentcheff, N. D., Nevitt, G. A., Stetten,
G. D., Zimmerfaust, R. K., Jarrard, H. E. & Boles, L. C.
1995 Magnetic orientation of spiny lobsters in the
ocean—experiments with undersea coil systems. J. Exp.
Biol. 198, 2041–2048.
Lowenstam, H. A. 1962 Magnetite in denticle capping in
recent chitons (Polyplacophora). Geol. Soc. Am. Bull. 73,
435–438. (doi:10.1130/0016-7606(1962)73[435:MIDCIR]
2.0.CO;2)
Mann, S., Sparks, N. H. C., Walker, M. M. & Kirschvink, J. L.
1988 Ultrastructure, morphology and organization of bio-
genic magnetite from sockeye salmon, Oncorhynchus
nerka—implications for magnetoreception. J. Exp. Biol.
140, 35–49.
Marhold, S., Wiltschko, W. & Burda, H. 1997 A magnetic
polarity compass for direction ﬁnding in a subterranean
mammal. Naturwissenschaften 84, 421–423. (doi:10.
1007/s001140050422)
Markin, V. S. & Sachs, F. 2004 Thermodynamics of
mechanosensitivity. Phys. Biol. 1, 110–124. (doi:10.
1088/1478-3967/1/2/007)
Munro, U., Munro, J. A., Phillips, J. B., Wiltschko, R. &
Wiltschko, W. 1997a Evidence for a magnetite-based navi-
gational ‘map’ in birds. Naturwissenschaften 84, 26–28.
(doi:10.1007/s001140050343)
Munro, U., Munro, J. A., Phillips, J. B. & Wiltschko, W.
1997b Effect of wavelength of light and pulse magne-
tisation on different magnetoreception systems in a
migratory bird. Aust. J. Zool. 45, 189–198. (doi:10.1071/
ZO96066)
Muxworthy, A. R. & Williams, W. 2006 Critical single-
domain/multidomain grain sizes in noninteracting and
interacting elongated magnetite particles: implications for
magnetosomes. J. Geophys. Res. 111, B12S12. (doi:10.
1029/2006JB004588)
S288 Torque-transducer models M. Winklhofer and J. L. Kirschvink
J. R. Soc. Interface (2010)Newell, A. J. 2009 Transition to superparamagnetism in
chains of magnetosome crystals. Geochem. Geophys.
Geosyst. 10, Q11Z08. (doi:10.1029/2009GC002538)
Newell, A. J. & Merrill, R. T. 1999 Single-domain critical sizes
for coercivity and remanence. J. Geophys. Res. 104,
617–628. (doi:10.1029/1998JB900039)
Oliveira, J. F., Wajnberg, E., Esquivel, D. M. S., Weinkauf, S.,
Winklhofer, M. & Hanzlik, M. 2009 Ant antennae: are they
sites for magnetoreception? J. R. Soc. Interface 7, 143–152.
(doi:10.1098/rsif.2009.0102)
Osborn, J. A. 1945 Demagnetizing factors of the general ellip-
soid. Phys. Rev. 67, 351–357. (doi:10.1103/PhysRev.67.
351)
Phillips, J. B. 1986 Two magnetoreception pathways in a
migratory salamander. Science 233, 765–767. (doi:10.
1126/science.3738508)
Quinn, T. P., Merrill, R. T. & Brannon, E. L. 1981 Magnetic-
ﬁeld detection in sockeye salmon. J. Exp. Zool. 217,
137–142. (doi:10.1002/jez.1402170114)
Scheffel, A., Gruska, M., Faivre, D., Linaroudis, A., Plitzko,
J. M. & Schuler, D. 2006 An acidic protein aligns
magnetosomes along a ﬁlamentous structure in magneto-
tactic bacteria. Nature 440, 110–114. (doi:10.1038/
nature04382)
Schlegel, P. A. 2008 Magnetic and other non-visual orien-
tation mechanisms in some cave and surface urodeles.
J. Ethol. 26, 347–359. (doi:10.1007/s10164-007-0071-y)
Schulten, K., Swenberg, C. E. & Weller, A. 1978 A biomag-
netic sensory mechanism based on magnetic-ﬁeld
modulated coherent electron-spin motion. Z. Physik.
Chem. NF111,1 – 5 .
Shcherbakov, V. P. & Winklhofer, M. 1999 The osmotic mag-
netometer: a new model for magnetite-based
magnetoreceptors in animals. Eur. Biophys. J. Biophys.
Lett. 28, 380–392.
Shcherbakov, V. P. & Winklhofer, M. 2004 Bending of mag-
netic ﬁlaments under a magnetic ﬁeld. Phys. Rev. E 70,
061803. (doi:10.1103/PhysRevE.70.061803)
Shcherbakov, V. P. & Winklhofer, M. In press. Theoretical
analysis of ﬂux ampliﬁcation by soft magnetic material in
a putative biological magnetic-ﬁeld receptor. Phys. Rev. E.
(doi:10.1103/PhysRevE.81.010713)
Shcherbakov, V. P., Winklhofer, M., Hanzlik, M. & Petersen,
N. 1997 Elastic stability of chains of magnetosomes in
magnetotactic bacteria. Eur. Biophys. J. Biophys. Lett.
26, 319–326.
Solov’yov, I. A. & Greiner, W. 2007 Theoretical analysis of
an iron mineral-based magnetoreceptor model in birds.
Biophys. J. 93, 1493–1509. (doi:10.1529/biophysj.107.
105098)
Solov’yov, I. A. & Greiner, W. 2009 Iron-mineral-based
magnetoreceptor in birds: polarity or inclination compass?
Eur. Phys. J. D 51, 161–172.
Stapput, K., Thalau, H. P., Wiltschko, R. & Wiltschko, W.
2008 Orientation of birds in total darkness. Curr. Biol.
18, 602–606. (doi:10.1016/j.cub.2008.03.046)
Vilches-Troya, J., Dunn, R. F. & O’Leary, D. P. 1984
Relationship of the vestibular hair-cells to magnetic par-
ticles in the otolith of the guitarﬁsh sacculus. J. Comp.
Neurol. 226, 489–494. (doi:10.1002/cne.902260404)
Walcott, C., Gould, J. L. & Kirschvink, J. L. 1979 Pigeons
have magnets. Science 205, 1027–1029. (doi:10.1126/
science.472725)
Walcott, C., Gould, J. L. & Lednor, A. J. 1988 Homing of
magnetized and demagnetized pigeons. J. Exp. Biol. 134,
27–41.
Walker, M. M. 2008 A model for encoding of magnetic-ﬁeld
intensity by magnetite-based magnetoreceptor cells.
J. Theor. Biol. 250, 85–91. (doi:10.1016/j.jtbi.2007.09.
030)
Walker, M. M., Kirschvink, J. L., Chang, S. B. R. & Dizon,
A. E. 1984 A candidate magnetic sense organ in the yellow-
ﬁn tuna, Thunnus albacares. Science 224, 751–753.
(doi:10.1126/science.224.4650.751)
Walker, M. M., Quinn, T. P., Kirschvink, J. L. & Groot, C.
1988 Production of single-domain magnetite throughout
life by sockeye salmon, Oncorhynchus nerka. J. Exp. Biol.
140, 51–63.
Walker, M. M., Dennis, T. E. & Kirschvink, J. L. 2002 The
magnetic sense and its use in long-distance navigation by
animals. Curr. Opin. Neurobiol. 12, 735–744. (doi:10.
1016/S0959-4388(02)00389-6)
Wang, Y. N., Pan, Y. X., Parsons, S., Walker, M. & Zhang,
S. Y. 2007 Bats respond to polarity of a magnetic ﬁeld.
Proc. R. Soc. B 274, 2901–2905. (doi:10.1098/rspb.2007.
0904)
Weaver, J. C., Vaughan, T. E. & Astumian, D. 2000 Biologi-
cal sensing of small ﬁeld differences by magnetically
sensitive chemical reaction. Nature 405, 707–709.
(doi:10.1038/35015128)
Wiltschko, W. & Wiltschko, R. 1972 Magnetic compass of
European robins. Science 176, 62–64. (doi:10.1126/
science.176.4030.62)
Wiltschko, W., Munro, U., Beason, R. C., Ford, H. &
Wiltschko, R. 1994 A magnetic pulse leads to a temporary
deﬂection in the orientation of migratory birds. Experientia
50, 697–700. (doi:10.1007/BF01952877)
Wiltschko, W., Munro, U., Wiltschko, R. & Kirschvink, J. L.
2002 Magnetite-based magnetoreception in birds: the
effect of a biasing ﬁeld and a pulse on migratory behavior.
J. Exp. Biol. 205, 3031–3037.
Wiltschko, W., Ford, H., Munro, U., Winklhofer, M. &
Wiltschko, R. 2007 Magnetite-based magnetoreception:
the effect of a repeated magnetic pulsing on the
orientation of migratory birds. J. Comp. Physiol. A 193,
515–522. (doi:10.1007/s00359-006-0207-5)
Wiltschko, W., Munro, U., Ford, H. & Wiltschko, R. 2009
Avian orientation: the pulse effect is mediated by the
magnetite receptors in the upper beak. Proc. R. Soc. B.
276, 2227–2232. (doi:10.1098/rspb.2009.0050)
Winklhofer, M. 2009 The physics of geomagnetic-ﬁeld trans-
duction in animals. IEEE Trans. Magn. 42, 5259–5265
(doi:10.1109/TMAG.2009.2017940)
Winklhofer, M., Fabian, K. & Heider, F. 1997 Magnetic
blocking temperatures of magnetite calculated with a
three-dimensional micromagnetic model. J. Geophys. Res.
Solid Earth 102, 22695–22709.
Winklhofer, M., Holtkamp-Rotzler, E., Hanzlik, M., Fleissner,
G. & Petersen, N. 2001 Clusters of superparamagnetic
magnetite particles in the upper-beak skin of homing
pigeons: evidence of a magnetoreceptor? Eur. J. Mineral.
13, 659–669. (doi:10.1127/0935-1221/2001/0013-0659)
Witt, A., Fabian, K. & Bleil, U. 2005 Three-dimensional
micromagnetic calculations for naturally shaped magne-
tite: octahedra and magnetosomes. Earth Planet. Sci.
Lett. 233, 311–324. (doi:10.1016/j.epsl.2005.01.043)
Yorke, E. D. 1979 Possible magnetic transducer in birds.
J. Theor. Biol. 77, 101–105. (doi:10.1016/0022-
5193(79)90140-1)
Zapka, M. et al. 2009 Visual but not trigeminal mediation of
magnetic compass information in a migratory bird. Nature
461, 1274–1277. (doi:10.1038/nature08528)
Torque-transducer models M. Winklhofer and J. L. Kirschvink S289
J. R. Soc. Interface (2010)